Antibiotics can cause dormancy (bacteriostasis) or induce death (cidality) of the targeted bacteria. The bactericidal capacity is one of the most important properties of antibacterial agents. However, the understanding of the fundamental differences in the mode of action of bacteriostatic or bactericidal antibiotics, especially those belonging to the same chemical class, is very rudimentary. Here, by examining the activity and binding properties of chemically distinct macrolide inhibitors of translation, we have identified a key difference in their interaction with the ribosome, which correlates with their ability to cause cell death. While bacteriostatic and bactericidal macrolides bind in the nascent peptide exit tunnel of the large ribosomal subunit with comparable affinities, the bactericidal antibiotics dissociate from the ribosome with significantly slower rates. The sluggish dissociation of bactericidal macrolides correlates with the presence in their structure of an extended alkyl-aryl side chain, which establishes idiosyncratic interactions with the ribosomal RNA. Mutations or chemical alterations of the rRNA nucleotides in the drug binding site can protect cells from macrolide-induced killing, even with inhibitor concentrations that significantly exceed those required for cell growth arrest. We propose that the increased translation downtime due to slow dissociation of the antibiotic may damage cells beyond the point where growth can be reinitiated upon the removal of the drug due to depletion of critical components of the gene-expression pathway.
translation | inhibitors | ketolides | solithromycin | erythromycin A ntibiotics interrupt bacterial growth by interfering with vital cellular functions. Exposure to most antibiotics usually results in rapid cessation of cell growth. However, the fate of the bacterial cells after the removal of the inhibitor can differ dramatically, depending on the nature of the drug. Bacteriostatic antibiotics effectively prevent cell growth but, upon their removal, a significant fraction of the population can resume division. In contrast, only a few cells in the culture, if any, are able to restart growth and proliferation after being exposed to bactericidal drugs. Thus, medically useful antibiotics are operationally classified as bacteriostatic if, following exposure to a fourfold minimally inhibiting concentration (MIC) for 18-24 h, more than 0.1% of bacterial cells can resume growth, or bactericidal, if more than 99.9% of the treated cells never divide again (1) . The distinction between bacteriostatic and bactericidal modes of antibiotic action is critically important for the outcome of antimicrobial therapies, especially in immunocompromised patients. However, the molecular mechanisms that differentiate bactericidal inhibitors from structurally related compounds, which act as bacteriostatic inhibitors, are unclear.
The ribosome-targeting macrolide antibiotics represent a vivid example of this conundrum, because this family of structurally similar drugs includes bacteriostatic as well as bactericidal inhibitors (2) (3) (4) . Macrolides stop bacterial growth by targeting the ribosome and interfering with protein synthesis (reviewed in refs. 5 and 6) . These antibiotics are composed of a macrolactone ring decorated with various substituents (Fig. 1A) and their properties critically depend on the presence and the nature of the side chains. Macrolides bind in the nascent peptide exit tunnel of the large ribosomal subunit and establish specific interactions with several 23S rRNA residues of the tunnel wall (7) (8) (9) (10) (11) (Fig. 1B) . Erythromycin (ERY), a natural prototype compound of this class composed of a 14-atom macrolactone appended with two sugars (Fig. 1A) , is a classic bacteriostatic antibiotic (12) . In the newer generation of macrolides known as ketolides, the bulky C3-cladinose of ERY is replaced with a keto group and in addition, an extended alkylaryl side chain is attached at the 11,12 carbamate cycle (13, 14) (Fig. 1A) . Remarkably, in contrast to bacteriostatic ERY, such ketolides as telithromycin (TEL) or solithromycin (SOL) exhibit moderate to strong cidality against several bacterial species (3, (15) (16) (17) (18) . The reasons why TEL and SOL, which are structurally related to bacteriostatic macrolides, bind to the same site in the ribosome and exhibit a similar mode of action, are able to kill bacteria, remains unclear.
In this paper, we show that cidality strongly correlates with the kinetics of dissociation of the drug from the ribosome. Slowly dissociating macrolides exhibit bactericidal activity, whereas the drugs possessing comparable affinity but faster dissociation rate are bacteriostatic. We present evidence that the slow dissociation of macrolides from the ribosome depends on the presence of the extended alkyl-aryl side chain in the antibiotic molecule. On the basis of our findings, we propose a model where the prolonged inhibition of protein synthesis imposed by slowly dissociating antibiotics depletes one or several proteins essential for gene expression; this brings the cell to a point of no return in which, even upon removal of the inhibitor, restoration of translation and cell growth become no longer possible.
Significance
Ribosome-targeting macrolide antibiotics can be bacteriostatic or bactericidal. What distinguishes the action of bactericidal macrolides from that of bacteriostatic compounds is unclear. We found that neither the residual translation in the macrolidetreated cells nor the affinity of the inhibitors explain the static/ cidal distinction. Instead, bactericidal compounds show a markedly decreased rate of dissociation from the ribosome because of the presence of an extended side chain in their structure. The prolonged translation downtime caused by the slow rate of antibiotic clearance could bring the cell to a point of no return due to depletion of the factors critical for resumption of gene expression. Optimizing the kinetics of binding/dissociation rather than only the affinity could facilitate the development of bactericidal inhibitors of translation.
Results
Bactericidal Macrolide Antibiotics Retain Killing Efficiency in the Absence of Residual Translation. Macrolides are known to be highly active against Gram-positive Streptococcus pneumoniae (3, 15) and MIC testing confirmed that the growth of the S. pneumoniae strain Cp2000 (Table S1 ) (19) is readily inhibited by a variety of macrolides (Table S2) . However, despite showing comparably low MICs, different macrolides varied significantly in their ability to kill bacteria. A large number of S. pneumoniae cells survived after being incubated for 9 h with a fourfold MIC of ERY ( Fig. 2A) . Even after an 18-h exposure to a 100-fold MIC of ERY, a sizable fraction of the cells were able to form colonies on antibiotic-free agar plates (Fig. 2B) . In contrast, SOL exhibited a much more pronounced bactericidal effect at fourfold MIC ( Fig. 2A) and essentially no cells survived the 18-h exposure to a 10-fold MIC of SOL (Fig. 2B) .
In contrast to antibiotics that indiscriminately inhibit translation, macrolides interfere with the production of specific subsets of cellular proteins (20) . Cells exposed to 100-fold MIC of TEL or SOL continue to make a significant number of proteins (Fig. S1 B, D , and E), whereas only a small number of polypeptides are synthesized in S. pneumoniae treated with an equivalently high concentration of ERY (Fig. S1C) . We had previously proposed that cidality of TEL or SOL could be related to the continued unbalanced translation of selected proteins (20) . Here we noted, however, that the spectra of polypeptides synthesized in cells treated with bactericidal CEM103 or RU69874 (Fig. S1 F and G) resemble more closely those synthesized in the presence of the bacteriostatic ERY than those produced in cells exposed to bactericidal TEL or SOL (Fig. S1 A and C-G). This observation revealed the lack of correlation between cidality and persistent translation of certain proteins.
To test directly whether macrolide cidality requires residual translation, we employed the classic bacteriostatic antibiotic tetracycline (Tet), which interacts with the small ribosomal subunit and, by preventing binding of aminoacyl-tRNA, virtually stops protein synthesis in S. pneumoniae cells at fourfold MIC (Fig. S2) (21) . Strikingly, the cidal ability of SOL remained essentially unaffected irrespective of the absence of Tet (when several proteins continued to be synthesized) or its presence (when practically no proteins were produced) (Fig. 2C ). This result conclusively demonstrates that continuous synthesis of specific proteins in macrolide-treated cells is irrelevant to the cidality of these antibiotics.
Bactericidal and Bacteriostatic Macrolides Bind to the Ribosome with
Comparable Affinities. Having eliminated residual translation as an underlying factor determining ketolide cidality, we explored other options. One plausible scenario was that cidality could be defined by a higher affinity of bactericidal macrolides for the ribosome. We tested this possibility by comparing the apparent dissociation constants of bacteriostatic ERY or bactericidal SOL ( Fig. 3 A and B) . The equilibrium binding data showed that bacteriostatic ERY and bactericidal SOL have comparable affinities [K d(ERY) = 4.9 ± 0.6 nM and K d(SOL) = 5.1 ± 1.1 nM]. The determined K d values were comparable with those previously reported for binding of ERY or SOL to ribosomes from other bacterial species (22) (23) (24) (25) . From these results we concluded that the drug-induced lethality could not be explained by a higher affinity of bactericidal macrolides for the ribosome.
Slow Dissociation from the Ribosome Distinguishes Bactericidal SOL from Bacteriostatic ERY. Because the equilibrium dissociation constant reflects the ratio of the on-and off-rates of the ligand binding, inhibitors with comparable affinities can display significantly different kinetics of association and dissociation from the target. Therefore, we asked whether instead of the drug affinity, it is the difference in the rates of dissociation of ERY and SOL from the ribosome that underlies the difference in their killing potential. To measure the drug dissociation rates, ribosomes immobilized on DEAE magnetic beads were preequilibrated with [
C]-ERY or [
14 C]-SOL and, after addition of an excess of unlabeled drug, the displacement of the bound radiolabeled antibiotic was monitored ( Fig. 3 C and D) . In agreement with published data (22, 23) , the dissociation of ERY from the ribosome occurred relatively fast (half-life 6.9 min) and could be described by a single exponential function. In contrast, [ 14 C]-SOL dissociated from the ribosome with biphasic kinetics. Even the faster component of SOL dissociation exhibited a half-life of 1.6 h, which was much slower compared with that of ERY, whereas the half-life of the second component (34 h) was nearly 300 times longer in comparison with ERY. Hence, the dramatically slower dissociation rates distinguished the bactericidal SOL from the bacteriostatic ERY.
We tested whether the correlation between slow dissociation rate and cidality observed for SOL holds true for a broader range of macrolide compounds. Therefore, we compared the dissociation kinetics of a range of macrolide compounds from the ribosome and in parallel analyzed the extent of their bactericidal activity. Two key structural features distinguish bactericidal SOL and TEL from bacteriostatic ERY: the lack of C3-cladinose and the presence of an extended alkyl-aryl side chain (Fig. 1A) . Therefore, we selected a number of macrolide compounds that vary in these two structural elements ( Fig. 4A ) and determined how rapidly they dissociate from the ribosome. Ribosomes were preequilibrated with the selected antibiotics and then, upon removal of the free inhibitor and addition of an excess of [
14 C]-ERY, the extent of replacement of prebound compound with ERY after 30-min incubation was measured. Strikingly, all tested antibiotics that lacked the 11,12 side chain dissociated rapidly and were efficiently replaced with [
14 C]-ERY (Fig. 4B ). In contrast, almost no [
14 C]-ERY bound to the ribosomes that were preincubated with the 11,12 side chain-containing antibiotics (TEL, SOL, HMR3004, RU69874, CEM103, and CEM112) (Fig. 4B ), indicating that a large fraction of these antibiotics remained associated to their ribosomal binding site. We then tested the cidality of the selected compounds by exposing cells for 18 h to fourfold MIC concentrations of these drugs. Replacement of the C3 keto group of SOL or TEL with cladinose (CEM103 and HMR69874, respectively) did not eliminate the bactericidal activity (Fig. 4C) , suggesting that the nature of a chemical group at the C3 atom of the macrolactone ring is inconsequential for cidality. In contrast, all of the tested antibiotics that carried an alkyl-aryl side chain exhibited bactericidal activity. Appending such side chains to an erythromycinlike scaffold (CEM103, RU69874, or HMR004) or even to the minimalist ketolide PKM (thereby, essentially converting it into TEL), transformed the largely bacteriostatic drugs into strongly bactericidal compounds (Fig. 4C) .
These results revealed two critical pieces of information: (i) the rate of antibiotic clearance from the ribosome likely determines the ability of the inhibitor to irreversibly abolish cell proliferation; and (ii) cidality of macrolides correlates with the presence in their structure of the extended alkyl-aryl side chain, which slows their dissociation, presumably due to the additional idiosyncratic interactions that this structure establishes with the ribosome (10, 26, 27) .
Alterations in the Drug Binding Site Alleviates Cidality of the Macrolide Inhibitors. To extend our understanding of the mechanism of macrolide cidality, we selected S. pneumoniae mutants that, while retaining the general sensitivity toward an originally bactericidal macrolide, gained the ability to restore their growth upon the removal of the antibiotic. For that, cells were exposed for 6 h to a 100-fold MIC of TEL and then surviving cells were allowed to proliferate on an antibiotic-free agar plate. After repeating the selection cycle six times, eight of the randomly picked colonies were characterized. In all of the selected clones, two of the four rRNA operons acquired the same mutation in the 23S rRNA gene: nucleotide A2058 located in the macrolide binding site (Fig. 1B) was replaced with U. Consistently, approximately half of the ribosomes in the mutant cells carried the A2058U mutation (Fig.  S3A) . These mutants remained highly susceptible to SOL and TEL even though the MIC increased ∼10-fold compared with WT cells (Table S2) . Remarkably, the cidality of SOL and TEL toward the mutant cells was dramatically reduced: while only a negligible fraction of the WT cells were able to resume growth after exposure to 100-fold MIC of SOL (Fig. 2 A and B) , a significant fraction of the mutant cells survived the exposure to the adequately adjusted 100-fold MIC of this drug (Fig. 5A) . The most straightforward explanation of these results is that the alterations in the macrolide binding site, which changed the interactions of the antibiotic with the mutant ribosomes in the cells, alleviated the cidal effect of the antibiotic. Interestingly, the overall level of residual translation in the WT and mutant cells at the respective 100-fold MIC of SOL remained essentially the same (Fig. S4) . Therefore, the most likely explanation of why the otherwise bactericidal antibiotic lost the ability to kill the mutant cells is that the mutation of the rRNA residue that forms the key contacts with the antibiotic accelerated the kinetics of drug dissociation.
We further tested the correlation between cidality and the parameters of the drug binding by using S. pneumoniae cells expressing ErmA rRNA methyltransferase that modifies residue A2058. In the S. pneumoniae Cp1290 strain carrying the ermA gene (Table S1 ) (28), A2058 is modified in ∼94% of the ribosomes; of these, 77% of ribosomes carry dimethylated A2058 and in the remaining 17% the same nucleotide is monomethylated (Fig.  S3B) . Despite the A2058 modifications, the ermA(+) Cp1290 cells remained sensitive to SOL, even though the MIC was ∼100-fold higher compared with the parental strain lacking the methylase gene (Table S2) . However, when the ermA(+) Cp1290 cells were exposed to 40 μg/mL of SOL (100-fold MIC), the drug showed dramatically reduced cidality compared with its effect upon ermA − cells at the respective MIC-fold value (Fig. 5B) . Because of the overall reduced affinity of SOL to the ErmA-modified ribosome, it was not feasible to directly measure the kinetics of its binding or dissociation. However, we noted that, similar to the effect observed for the selected A2058U mutant, translation in the ErmA + cells was efficiently inhibited at 100-fold MIC concentration of SOL (Fig. S4) . These results suggest that the main reason for the improved survival of the ErmA-expressing cells is not the continued protein synthesis, but the altered kinetics of the drug binding.
Discussion
In this study we identified a major difference in the mode of action of bactericidal and bacteriostatic macrolide antibiotics targeting the ribosome. We show that pretreatment of cells with Tet, which completely stops cellular protein synthesis, does not affect the rate with which bactericidal macrolides reduce the number of viable cells; therefore, neither the residual translation of specific proteins (20) , nor the reported miscoding activity of some macrolides (29, 30) could account for cidality. We further show that there is no major distinction in the general affinity of bacteriostatic and bactericidal macrolide compounds for the ribosome. Instead, our findings provide strong evidence that the bactericidal action of certain macrolide drugs could be explained by the slow rate of their dissociation from the ribosome.
We propose a simple model that satisfactorily accounts for our experimental observations (Fig. 6) . With fast-dissociating antibiotics, the extent of translation downtime is defined essentially by the duration of the antibiotic treatment (Fig. 6A) . Soon after omission of the fast-dissociating inhibitor from the medium, translation resumes and the cell can recover from the antibioticinduced dormancy. In contrast, slowly dissociating drugs continue to block protein synthesis long after antibiotic withdrawal (Fig. 6B) . When the inhibitor eventually vacates a sufficient fraction of ribosomes, translation could be potentially resumed but only if enough ribosomes, translation factors, aminoacyltRNA synthetases, and all other direct or accessory participants of the gene-expression pathway remain available and functional. However, if the cellular content of at least one of the essential components falls below a critical level, protein synthesis cannot be restarted even when ribosomes become drug-free.
The steady-state level of functional biomolecules in the cell is determined by the rates of their production and degradation (31) . Once translation is interrupted, the decay will prevail and eventually the concentration of a protein, RNA or other components will fall below a critical threshold, making resumption of protein synthesis impossible. Our findings are also compatible with the possibility that interrupted translation depletes cells of proteins involved in detoxification of harmful chemicals, exposure to which could cause irreparable damage (32) . Currently, we do not know which key component gets depleted first when cells (Table S2) .
are deprived of active translation. It is conceivable that overproduction of a limiting factor could prolong cell survival in the absence of protein synthesis, while its depletion before antibiotic treatment could increase the antibiotic cidality. Identification of the factors determining cell persistence in the absence of active translation could be the subject of future studies.
One of the predictions that follows from the proposed model of macrolide cidality is that resumption of cell growth should not be possible if exposure to a normally bacteriostatic inhibitor is prolonged for an excessive period of time. Indeed, we observed a steady drop over time in the number of viable cells upon exposure of S. pneumoniae to either the macrolide (ERY) or the unrelated Tet (Fig. S5) , both classic bacteriostatic protein synthesis inhibitors. Our model of macrolide cidality was corroborated further by the finding that changing the structure, and thus the properties, of the macrolide binding site in the ribosome dramatically improves cell survival upon treatment with an excess of bactericidal macrolides. Because such alterations do not increase residual translation in the presence of the excess of antibiotic, we believe that the alterations of the binding site result in an accelerated dissociation of the drug from the modified ribosome leading to a faster restoration of translation upon antibiotic removal.
Although we originally hypothesized that the cidality of ketolides is defined by the lack of C3 cladinose (20), here we showed that it is rather the presence of an alkyl-aryl side chain that converts a bacteriostatic inhibitor into a bactericidal one by slowing down the rate of its dissociation from the ribosome (Fig. 4B ). In agreement with this conclusion, the clinical macrolide candidates carrying extended alkyl-aryl side chains, exhibit a prolonged postantibiotic effect: that is, delayed regrowth of bacteria following exposure to antibiotic (3, (33) (34) (35) . Previous binding studies have suggested that TEL, an example of a drug with an extended side chain (Fig. 1A) , binds to the Escherichia coli ribosome in a two-step process, with the slower step gated by formation of a strong stacking interaction between the alkyl-aryl side chain of the drug and the base pair U2609: A752 of 23S rRNA (Fig. 1B) (27) . While the exact position of the alky-aryl side chain in the S. pneumoniae ribosome is unknown, it is conceivable that the slow off-rate of bactericidal macrolides could be delimited by breaking the interactions of the alkyl-aryl moiety of the drug with the target. Different placements of the side chain in the ribosome or the presence of structurally distinct populations of ribosomes in our preparation could account for the biphasic nature of dissociation of bactericidal antibiotics.
Strikingly sluggish dissociation of the alkyl-aryl-equipped macrolides from the vacant ribosomes observed in in vitro experiments could be exacerbated even further in the living cell. While some short-growing peptide chains can dislodge the macrolide inhibitor from its binding site (36, 37) , many nascent chains bypass the antibiotic molecule in the exit tunnel without displacing it (20, 30) . The growing protein is elongated at a fast rate of ∼20 residues per second (38) ; therefore, if the drug fails to dissociate rapidly at the early stages of translation, it would be trapped in its binding site by the elongated nascent polypeptide. Subsequent arrest of the translation at the sequence problematic for the macrolide-bound ribosome (20, (39) (40) (41) could then make dissociation of the drug particularly slow.
Noteworthy, the placement of the macrolide's alkyl-aryl chain may vary when the drug binds to ribosomes from different species (9) (10) (11) (42) (43) (44) (45) . The idiosyncratic interactions of the side chain with the target could explain varying bactericidal activity of the macrolides against different bacteria (46, 47) . Our results suggest that optimizing such interactions with the purpose of reducing the off-rate of the inhibitor rather than its general affinity could be a way to improve the bactericidal activity and possibly species-specificity of macrolide antibiotics.
Materials and Methods
Antibiotics and bacterial strains used in the study are listed in SI Materials and Methods.
Determination of the MIC. All S. pneumoniae strains were cultivated in the casein-tryptone (CAT) medium, as described in ref. 48 . Exponentially growing S. pneumoniae cells were diluted to the final culture density of A 600 = 0.001, and cultivated in 96-well plates (100 μL per well) in the presence of increasing concentrations of antibiotics. After overnight incubation at 37°C, the presence of live cells was detected by positive staining with AlamarBlue dye.
Kinetics and Concentration Dependence of Macrolide-Induced Cell Killing. The cidality assay was carried out according to National Committee for Clinical Laboratory Standards guidelines (1). Specifically, exponential culture of S. pneumoniae was diluted to 10 5 CFU/mL in 5 mL of CAT media supplemented with fourfold MIC of an antibiotic and the mixture was incubated at 37°C without shaking. Aliquots of the culture (0.1 mL) were withdrawn at different times of incubation, diluted 50-and 2,500-times in antibiotic-free CAT media, and embedded in agar plates (5 mL of CAT media mixed with 5 mL of 1.5% CAT agar) (48) . Colonies were counted after 36-to 48-h incubation at 37°C.
The concentration dependence of antibiotic cidality was examined by incubating S. pneumoniae cells (10 5 CFU/mL) in 5 mL of CAT media with 2-, 4-, 10-, 20-, 40-, and 100-fold MIC of antibiotics at 37°C without shaking. After 18 h of incubation, 0.5-mL aliquots of the cultures were passed by centrifugation (4,000 × g for 1 min) through the Spin-X filters (Costar) to remove antibiotic. Cells retained on the filter were resuspended in 0.1 mL CAT, and the dilutions were plated on CAT agar plates as described above. Colonies were counted after 36-48 h incubation at 37°C.
Equilibrium Binding of Antibiotics to the Ribosome. S. pneumoniae ribosomes, purified according to ref. 49 , were diluted to 3 nM and combined with varying concentrations of [
14 C]-ERY or [ 14 C]-SOL in 1.5 mL of binding buffer (20 mM Tris·HCl, pH 7.6, 10 mM MgCl 2 , 150 NH 4 Cl, and 6 mM β-mercaptoethanol). After a 2-h incubation at 37°C, 10 μL of a 50 mg/mL suspension of DEAE magnetic beads (BioClone) was added to the reactions and incubation continued for 15 min at room temperature. The beads with immobilized ribosomes were captured using a magnetic stand (Invitrogen), the supernatant was aspirated and beads were rapidly washed twice with 0.7 mL of ice-cold binding buffer. Ribosomes was released by resuspending the magnetic beads in 100 μL of 10 mM EDTA and incubating for 10 min at room temperature. Beads were recaptured and ribosome-containing supernatant was transferred to scintillation vials. After quantifying the ribosome-bound radioactivity, the K d values were calculated using Prism software (GraphPad). After addition of a 50-fold molar excess of the respective nonradioactive antibiotic solution, incubation continued at 37°C and 1.5-mL aliquots of the reaction suspension were transferred to an Eppendorf tube at the specified time points. Magnetic beads were captured, the supernatant was removed, and the ribosomes were eluted using 10 mM EDTA solution, as described above. The amount of the ribosome-associated radioactivity was quantified in a scintillation counter. The experimental data points were fitted to one-phase (ERY) or twophase (SOL) exponential functions using Prism software (GraphPad). Bacterial Strains and Culture Media. The genotypes of the strains used in this study are listed in Table S1 .
Displacement of

Isolation of the Streptococcus pneumoniae Mutant Resistant to
Ketolide-Induced Killing. The Streptococcus pneumoniae Cp2000 cells were inoculated in 8 mL of CAT media and grown until the culture density reached A 600 of 0.15 (∼10 9 cells in the entire volume). The culture was diluted 1:100 in CAT medium supplemented with 0.6 μg/mL (100-fold MIC) of TEL and incubated 6 h at 37°C. After passing the culture through a 0.22-μm filter to remove the medium with antibiotic, cells were resuspended in 0.1 mL of antibiotic-free CAT medium and plated on CAT agar. The plate was incubated overnight in a CO 2 -incubator at 37°C. Colonies that appeared were washed off the plate, resuspended in 800 mL of CAT media, and exposed again to 100-fold MIC of TEL as described above. After a total of six cycles, cell dilutions were plated and eight randomly picked colonies were characterized. For this, total DNA was isolated, each of the four 23S rRNA alleles was amplified using a universal 23S rRNA-specific primer (GTCCTAAGGTAGCGAAATTCCTTGTCG) and four individual allele-specific primers (GAATATGCCATAAAA-AGATTATACCACATTGTGTACTA, CTGAGCTACACCGC-CATGAATCGGGAA, CATTTTATTTCTCATCTCTTCTTC-CCCCATTTC, ACCACTAAACTACACCCGCTAAAATGGGA) and PCR products were sequenced. All of the isolated clones contained the A2058T mutation in two (rRNA_23S-3 and rRNA_23S-4) of the four 23S rRNA gene alleles.
Determining the Extent of Ribosome Modification in S. pneumoniae
Cells Expressing ErmA Methyltransferase. The extent of ErmAmediated 23S rRNA mono-and dimethylation was assessed by primer extension as described in Almutairi et al. (50) , with minor modifications. Specifically, 2 pmol 5′-[ 32 P]-labeled primer (GTAAAGCTCCATGGGGTC) was annealed to 1 μg of S. pneumoniae RNA isolated from the Cp1290 strain and extended with AMV Reverse Transcriptase (Roche) in the presence of 1 mM dCTP and dATP, 1 mM ddGTP, and 0.001 mM dTTP (for A2058 monomethylation), or 1 mM dTTP (for A2058 dimethylation). The cDNA products were purified by phenol extraction, precipitated with ethanol, resolved in a denaturing 12% polyacrylamide gel, and visualized by phosphorimaging.
Two-Dimensional Gel Electrophoretic Analysis of the Radiolabeled
Proteins Synthesized in Antibiotic-Treated Cells. Exponentially growing S. pneumoniae Cp2000 cells (A 600 = 0.1, ∼10
8 CFU) was exposed in 1 mL of CAT medium to 100-fold MIC of macrolide antibiotics (2.5 μg/mL of ERY, CEM103 or RU69874, 0.6 μg/mL of TEL or 0.3 μg/mL of SOL) or 40-fold MIC of tetracycline (1 μg/mL). After 20-min incubation with the corresponding drug, cells were collected by centrifugation, resuspended in 150 μL of M9 medium supplemented with the respective antibiotic, 0.3 mM of all amino acids except methionine and 5 μCi of [
35 S]-L-methionine (specific activity 1,175 Ci/mmol; American Radiolabeled Chemicals), and incubated for 5 min at 37°C. An excess of unlabeled L-methionine was then added (to the final concentration of 2 mM) and cultures were incubated for additional 7 min. Cells were pelleted by centrifugation at 4,000 × g for 1 min at 4°C and after removal of supernatant snap-frozen in liquid nitrogen. Protein extractions and 2D gel electrophoresis was performed at Kendrick Labs, Inc., Madison, WI. The gels were stained with Coomassie blue, dried, and exposed to a phosphorimager screen overnight.
Measuring the Level of Residual Translation in Antibiotic-Treated
Cells. All experimental steps were performed at 37°C. S. pneumonia cells, exponentially growing in 2 mL of CAT media were exposed to 100-fold MIC of SOL (0.3 μg/mL and 2.5 μg/mL for WT and A2058U mutant Cp2000 strains, respectively, or 40 μg/mL for Cp1290 strain). At 0, 10, 20, 30, 40 and 60 min, 200-μL aliquots of the cultures were withdrawn and transferred to 1.5-mL tubes. Cells were collected by centrifugation, washed twice with 0.5 mL of M9 medium, and resuspended in 30 μL of M9 medium supplemented with 100-fold MIC of SOL, 0.3 mM of all amino acids except methionine and 1 μCi of [ 35 S]-L-methionine. After 4-min incubation, 25 μL of the samples were spotted on Ø 25-mm Whatman 3MM paper disks, which were immediately immersed into a beaker containing 100 mL of 5% trichloracetic acid (TCA). Following collection of all samples, the beaker with the paper disks was boiled for 5 min. The TCA solution was discarded and the beaker was refilled with 100 mL of fresh 5% TCA. After boiling for additional 5 min, the TCA was discarded and the disks were rinsed with 10 mL of acetone. Disks were dried, placed in vials, and following the addition of 5 mL of scintillation mixture, the amount of radioactivity retained was determined by scintillation counting. (22), more proteins are synthesized in the cells treated with ketolides (D and E) than in the cells exposed to the cladinose-containing macrolides (C, F, and G) (blue circles). However, the spectrum of polypeptides synthesized upon exposure to cladinose-containing bactericidal CEM103 (F) or RU69874 (G) resembles more the protein pattern in the cells treated with bacteriostatic ERY (C), than proteins synthesized in the cells exposed to bactericidal SOL or TEL (D and E). 
